Abstract Five crucian carp, Carassius auratus langsdorfiicarps had been reared in a closed water recirculating system. The system was equipped with the compact bioreactor using the plate gels capable of both nitrification and denitrification in a single unit. Ammonia and nitrite concentrations in the rearing water had been maintained below 0.05 mg-N/L, and nitrate concentration also controlled between 2 and 8 mg-N/L with the bioreactor. As concerns nitrogen budget in the closed system, 95.0 % of nitrogen income from feed was lost as nitrogen gas from the closed system. All fish was alive for 91 days without any unusual behavior. Thus, the bioreactor performed both nitrification and denitrification abilities enough to rear the five fish for 91 days. The bioreactor using the plate gels would be effective to simplify the closed system both physically and operationally, since it can remove the ammonia excreted from fish as nitrogen gas by a single step.
Introduction
concentration of nitrate, which is accumulated by the rearing experiments for a long time, is toxic to aquatic animals.
We have already developed an aerobic process capable of both nitrification and denitrification (Uemoto and Saiki, 1996a,b) . The process makes use of a tubular polymeric gel with an ammonia oxidizer, Nitrosomonas europaea, and a denitrifier, Paracoccus denitrificans, trapped within. When ammonia-containing water is in contact with the external surface of the tubular gel, the N.europaea oxidizes the ammonia to nitrite. The P.denitrificans removed the nitrite as nitrogen gas from the water. In this paper, we developed new bioreactor consisted of plate gels instead of the tubular gel for a basis of AAEF. Five crucian carps had been reared with the closed water recirculating system equipped with the bioreactor for 91 days.
Materials and Methods

Closed water recirculating system
The closed water recirculating system in this study was composed of a fish tank, a SS filter unit, a UV irradiation unit, two water pumps, a pressure control buffer, a bioreactor for ammonia removal, and an artificial lung with air pump (Fig.1) . The fish tank (10 L) was a cylinder shaped tank of polyvinyl chloride resin. The SS filter unit was The aquatic animal experiment facility (AAEF) is one of many facilities in the International Space Station. The AAEF requires ability to accommodate aquatic animals (such as Medaka fish) in space for up to 90 days. Ammonia removal is one of the most important technologies needed for maintaining clear water conditions in AAEF, since ammonia is the major excretory product harmful to the aquatic animals. In 1994, second International Microgravity Laboratory (IML-2) mission was carried out in which a closed system equipped with only nitrification reactor having ability to convert ammonia to nitrate via nitrite (Kozu et al., 1995) . The other previous closed systems (Endo et al., 1999) and aquaculture systems (Heinsbroek, 1990; Hirayama et al., 1988; Bovendeur et al., 1987) are also equipped with only the nitrification reactor, since toxicity of nitrate is lower than that of ammonia. However, the closed system as a basis of AAEF requires both nitrification and denitrification reactors for removal of the ammonia and nitrate, since high used for removal of suspended solids (SS) in the rearing water, which consisted of two rough-woven nets and 0.2 L of grains of activated carbon. The UV irradiation unit (Flon Fine, Photoscience Japan Co.) was used for sterilization of the rearing water. The artificial lung (Capiox SX-10, Terumo Co.) was used for exchanging CO2 for O2 in the rearing water. Water temperature was controlled about 25°C
. The closed system contained a total of 18 L of commercial mineral water (Natural mineral water, Suntory Co.), which had been circulating through the system at 0.5 -0.9 L/min. Water pressure in the system was kept about 4 kPa with the pressure control buffer. Distilled water corresponded to the volume evaporated from the artificial lung was periodically added to the system.
Setting of bioreactor for ammonia removal
The bioreactor for ammonia removal was constructed by eight polymeric plate gels and nine Teflon holders alternately ( Fig.2A) . The rearing water and lactate solution as an electron donor for denitrification were separately fed to the bioreactor with two water pumps at 0.5 -0.9 L/min. One surface of each plate gels were in contact with the only rearing water, while the other side of them were in contact with the only lactate solution.
The polymeric plate gels containing N.europaea and P.denitrificans were made by the procedure as described in our previous paper (H. Uemoto and H.Saiki, 2000) . The ammonia oxidizer, N.europaea IFO-14298, and the denitrifier, P.denitrificans JCM-6892 were incubated and harvested by centrifugation (20,000 g, 10 min, 4 °C), and washed three times with phosphate buffer containing Fig.1 Schematic diagram of closed water recirculating system. Water temperature was controlled about 25 °C. The closed system contained a total of 18 L of rearing water, which had been circulating through the system at 0.5 -0.9 L/min. Water pressure in the system was kept about 4 kPa with a pressure control buffer. Fig.2 Schematic diagram of bioreactor (A) and batch system for acclimation of the bioreactor (B). The bioreactor was constructed by eight polymeric plate gels containing N.europaea and P.denitrificans. The rearing water and lactate solution as an electron donor for denitrification were separately fed to the bioreactor at 0.5 -0.9 L/min. The batch system was used to acclimate the bioreactor and to measure the activity of the bioreactor before and after the rearing experiment. 9 g/L Na2HPO4 and 1.5 g/L KH2PO4 (pH 7.5). N.europaea (240 mg dry weight) and P.denitrificans (660 mg dry weight) were suspended in 30 mL of the phosphate buffer. The suspension was then mixed with 90 mL of photocrosslinkable polymer PVA-SbQ (SPP-H-13, Toyo Gosei kogyo Co.). The polymer containing N.europaea and P.denitrificans was formed into eight plates (170 mm x 90 mm x 1 mm) and solidified into a gel by irradiation with metal halide light (1,000 µmol m -2 s -1 ) for 1 h. These plate gels were put to frames of acrylic acid resin to support the gels.
The gels were acclimated with a batch system before the rearing experiment (Fig.2B ). For the acclimation, 2 L of ammonia solution and 200 mL of lactate solution (10% of sodium lactate) were circulating through the bioreactor containing the eight plate gels at 0.5 L/min. The ammonia solution (pH 7.8) contained 0.944 g/L (NH4)2SO4, 0.2 g/L MgSO4·7H2O, 9 g/L Na2HPO4, 1.5 g/L KH2PO4, and 1 mL/ L of solution containing trace elements (Aragno and Schlegel, 1981) . These solutions were separately circulating through the bioreactor for 96 h, after which the solutions were renewed four times. This batch system was also used to measure the activity of the bioreactor just before and after the rearing experiment.
Rearing experiment of fish
On the 5th of April 1999, five crucian carp, Carassius auratus langsdorfiicarps (mean body weight: 23.6 ± 3.6 g, mean total length: 120 ± 6 mm) were stocked into the fish tank. The fish were fed on the commercial feed (Hikari Lionhead, Kyorin Food Co.) twice a day. Total weight of feed per day was 0.5 g from start to the 52nd day of the rearing experiment, 1.0 g from the 53rd to the 70th day, and 4.0 g from the 70th day to the end. At the end of the experiment, body weight and total length of the all fish were measured.
To check the activity of the bioreactor, each 849 mg of ammonium sulfate was artificially added to the rearing water on the 17th, 36th, 66th, and 87th day of the experiment. Lactate solution (10 mL of 10% sodium lactate) was periodically added to the lactate tank from the 42nd day. The bioreactor had been performing only nitrification from start to the 41st day and both nitrification and denitrification from the 42nd day to the end.
Analysis of rearing water
The water for analysis was sampled before feeding every day. When ammonium sulfate was artificially added to the rearing water, it was sampled at 0, 2, 4, 8 and 24 h after the addition. Ammonia and nitrite concentrations in the rearing water were colorimetrically measured according to previously described methods (Callaway, 1992a) . Nitrate concentration was determined using an ion-chromato analyzer (DX-AQ, Dionex Co.) with an IonPac AS12A column. Total organic carbon (TOC) concentration was measured with a TOC analyzer (TOC-650, Toray Engineering Co.). Total-nitrogen (T-N) in the SS, which was corrected with the SS filter unit, was measured by a CN analyzer (NC-800, Sumika Co.). Dissolved oxygen (DO) concentration in the rearing water was monitored with DO meter (D-25, Horiba Co.).
Results
Fish growth
Rearing experiment of five crucian carp had been carried out with the closed water recirculating system from the 5th of April to the 5th of July 1999. The closed system could keep all fish alive for 91 days. Unusual behavior of fish was not observed in the fish tank. All fish grew from 23.6 ± 3.6 g to 30.7 ± 2.6 g in mean body weight and from 120 ± 6 mm to 140 ± 8 mm in mean total length (Table 1) . Increased weight of the fish was a total of 35.5 g. Total weight of feed per day was 0.5 g from start to the 52nd day , DO concentrations and pH (E) in rearing water. Ammonium sulfate was artificially added to the rearing water on the 17th, 36th, 66th and 87th day of the rearing experiment. The arrows in the C show the addition of lactate solution (10 mL of 10% sodium lactate) for denitrification to the lactate tank. of the experiment, 1.0 g from the 53rd to the 70th day, and 4.0 g from the 70th day till the end of experiment. Total feed weight in the system reached to 128.0 g.
Water quality
Ammonia concentration in the rearing water had been fluctuating between 0.9 and 3.1 mg-N/L for the first 15 days of the rearing experiment (Fig.3A) . After the 16th day, it had been kept below 0.05 mg-N/L except when ammonia was artificially added to the rearing water. When ammonia was artificially added to the system on the 17th, 36th, 66th, and 87th day, the added ammonia was rapidly disappeared in the rearing water within 24 h. Nitrite had been accumulated in the rearing water by ammonia oxidation for the first 20 days, since sodium lactate as an electron donor for denitrification was not added to the lactate tank for the first 41 days (Fig.3B) . The nitrite concentration decreased from the 21st day and then it had been kept below 0.05 mg-N/L except when ammonia was artificially added. Nitrate had been gradually accumulating in the rearing water after the 21st day (Fig.3C) . Nitrate concentration had reached to 9.1 mg-N/L on the 41st day. By the lactate addition to the lactate tank, the nitrate concentration decreased to 0.7 mg-N/L on the 50th day, and then it had been controlled between 2 and 8 mg-N/L for the last 40 days.
Although TOC concentration in the lactate tank increased to 130 mg-C/L by the lactate addition (data not shown), that in the rearing water had been kept below 6 mg-C/L for 91 days (Fig.3D) . It means that the lactate added to the lactate tank did not leak to the rearing water. The P.denitrificans in the bioreactor could use the lactate as the electron donor effectively without having to add any electron donor directly to the rearing water.
The pH of the rearing water gradually dropped from initial 7.8 to 6.7 on the 22nd day (Fig.3E) . The pH was raised to 7.8 by the addition of 3 g of NaHCO3 to the rearing water, and then it was gradually dropped to 7.5 on the 40th day. After the periodically addition of the sodium lactate to the lactate tank, the pH had been kept approximately 8 without the addition of NaHCO3 for the last 49 days. The pH drop in nitrification would be half offset by the pH raise in denitrification, and be more half offset by the addition of sodium lactate as an alkali.
DO concentration in the rearing water was monitored in the position between the fish tank and the artificial lung. It maintained between 5.0 and 8.4 mg/L by the artificial lung. To keep above 60 % of O2 concentration in the rearing water, the artificial lung was exchanged to new one on the 21st day. The exchanged artificial lung was washed by distilled water on the 73rd day and 84th day to prevent a clog on water flow.
Activity of bioreactor for ammonia removal
To check the activity of the bioreactor for ammonia removal, ammonia solution was treated with the batch system using the bioreactor just before and after the rearing experiment. Ammonia was rapidly removed by the acclimated bioreactor without accumulating nitrite and nitrate (Fig. 4) . The rates of the ammonia oxidation (ammonia to nitrite) and the nitrogen removal (ammonia to nitrogen gas) in the bioreactor were calculated based on the concentration of ammonia, nitrite, and nitrate shown in Fig. 4 . Before the experiment, the former rate was 2.90 g-N/day for 1 m 2 of surface area of the plate gels in the bioreactor, and the latter rate was 1.82 g-N/day (Table 2) . After the experiment, they increased to 6.40 and 6.37 g-N/ day, respectively.
For the period of the rearing experiment, the activity of the bioreactor was also checked by the artificial addition of ammonia to the rearing water in the closed system. The added ammonia on the 17th, 36th, 66th, and 87th day was rapidly disappeared from the rearing water within 24 h. The added ammonia on the 66th and 87th day was removed from the rearing water without accumulating nitrite and nitrate, since the lactate was added to the lactate tank. The rates of ammonia oxidation and nitrogen removal were also calculated based on the data shown in Fig. 3 . The former rate on the 17th, 36th, 66th, and 87th day were 5. 54, 5.22, 5.82, 7.93 g-N/day, respectively ( on the 66th and 87th day were 5.33 and 5.60 g-N/day, respectively.
Nitrogen budget in closed system
Feed ingested to the closed system reached to a total of 128.0 g for 91 days (Table 1) , and it corresponded to 10.5 g-N, since the feed contained 8.2 % of nitrogen. On the other hand, increased body weight of fish was a total of 7.09 g, and it corresponded to 0.19 g-N, since 2.7 % of the body weight of fish was nitrogen. Total nitrogen concentration accumulated in 18 L of the rearing water was 2.8 mg-N/L, and it corresponded to 0.05 g-N. The SS corrected with the SS filter unit reached a total of 3.0 g in dry weight, and it corresponded to 0.29 g-N, since the SS contained 9.7 % of nitrogen. These results show that 95.0 % of nitrogen income from feed was lost from the closed system (Fig.5) . Most of the lost nitrogen is certainly caused by denitrification in the bioreactor, since no addition of lactate resulted in accumulation of nitrate. Although the lost nitrogen has 8.2 L volume as a gas (1 atm, 0 °C), we observed large quantity of the gas in neither rearing water nor stock tank. The lost nitrogen would go out through the artificial lung, since the closed system was perfectly closed except the artificial lung.
Discussion
The closed water recirculating system used in this study was composed of a fish tank, a SS filter unit, a UV irradiation unit, two water pumps, a pressure control buffer, a bioreactor for ammonia removal and an artificial lung (Fig.1) . These components are similar to those of the previous closed systems and aquaculture systems. The main difference between our system and the other previous systems is the bioreactor for ammonia removal, which is one of the most important components for the AAEF. Presently, there are some types of bioreactor available for ammonia removal in rearing water. One of them is biological unit having only nitrification ability, which was After rearing 2 200 6.40 6.37 Table 2 Activity of bioreactor used to convert ammonia to nitrogen in closed water recirculating system *The rate of amonia oxidation and nitrogen removal in the bioreactor were calculated based on changes in the ammonia and nitrite concentrations in the ammonia solution or rearing water added ammonia artificially. used in the IML-2 mission. The other ones are biological unit capable of both nitrification and denitrification (Nakamura et al., 1998; Knosche, 1994; Van Rijn, 1996; Honda et al., 1993) . However, they require many reactors with complicated operation, i.e., nitrification reactor, denitrification reactor with supplying the electron donor (e.g. glucose) to the rearing water, and aerobic reactor to remove the oversupplied electron donor from the rearing water. The aerobic reactor is important to the closed systems, since the anaerobic and contaminated rearing water in the denitrification reactor has risks to rearing aquatic animals (e.g. outbreaks of germs and toxic compounds). There is other biological unit using the process of aerobic nitrification and aerobic denitrification (Shimura et al., 1998a,b) . The activity of the aerobic denitrification, however, is remarkably lower than that of the anaerobic denitrification (Robertson et al., 1989; Carter et al., 1995) . It would be difficult that the process is applied to the closed system to rear many aquatic animals.
On the other hand, our bioreactor is capable of both aerobic nitrification and anaerobic denitrification in a single step. Firstly, ammonia-containing water was in contact with only one side of the plate gels in the bioreactor, and then the immobilized N. europaea at the surface of the plates mediated ammonia oxidation aerobically. Secondly, the immobilized P. denitrificans in the plates mediated anaerobic reduction of nitrite to nitrogen gas, since the ammonia oxidation resulted in consumption of oxygen in the plates. Lactate solution serving as the electron donor was in contact with the only other side of the plates, and then the lactate was supplied to the P.denitrificans. This configuration was advantageous because it enabled our bioreactor to use the lactate effectively without having to add any electron donor directly to the rearing water. The lactate solution did not leak to the rearing water, since TOC concentration in the rearing water had been kept below 6 mg-C/L for 91 days (Fig.3D) . Thus, our bioreactor would be effective to simplify closed water recirculating systems both physically and operationally.
In addition to the advantages, our bioreactor had performed both nitrification and denitrification abilities enough to rear the five fish in the closed system. The system equipped with the bioreactor could keep all fish alive for 91 days. All fish grew from 23.6 g to 30.7 g in mean body weight. Unusual behavior of fish was not observed during the rearing experiment. As concerns water quality in the closed system, ammonia, nitrite and nitrate concentrations were kept low with the bioreactor for 91 days. Especially for the last 50 days of the rearing experiment, ammonia and nitrate concentrations had been kept below 0.05 mg-N/L. Nitrate concentration also had been controlled between 2 and 8 mg-N/L by lactate addition to the lactate tank. Artificial added ammonia to the rearing water was rapidly removed without accumulating nitrite and nitrate within 24 h. Although the rates of ammonia oxidation and nitrogen removal were 2.90 and 1.82 g-N/day respectively, before the rearing experiment, they increased and then kept around 5.5 g-N/day (Table 2 ) until the 66th day of the experiment. These rates correspond to those of the tubular gel and the plate gel in our previous studies Saiki, 1996a,b, 2000) . The rates on the 87th day and after experiment were higher than those on the gels in our previous studies. It would be caused by biofilm attached on the inner surface of the fish tank and the tubes connecting between the units in the closed system. It means that the bioreactor showed a stable activity in water containing various concentrations of ammonia (‹1 ~ 200 mg-N/L). The ability of response in wide range of ammonia concentration would be effective to the closed system for aquatic animals.
Accumulated nitrite had been oxidizing to nitrate in the closed system after the 22nd day, regardless of using the bioreactor containing no nitrite oxidizer. It would be caused by naturally grown nitrite oxidizers using the accumulated nitrite. We could prevent the growth of nitrite oxidizers in the closed system by keeping denitrifying environment. Troubles of the denitrifying, however, caused nitrite accumulation in the rearing water. It is serious problem for the closed system to rear aquatic animals, since the toxicity of nitrite is similar to that of ammonia. In future, we would like to examine the combination of ammonia oxidizer, nitrite oxidizer and denitrifier to make a safe bioreactor for ammonia removal.
In conclusion, our bioreactor capable of both nitrification and denitrification showed high and stable ability to remove ammonia excreted from fish. It would be very effective to develop a compact and simplified closed water recirculating system as a basis of AAEF.
